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a b s t r a c t
A new nozzle structure was developed in an improved multi-wafer hybrid vapor phase epitaxy (IHVPE)
system by adding an inner dilution gas (ID) pipe between V and III groups gas channels. Experimental results
showed that the thickness distribution of 2-inch GaN layer depended strongly on the ﬂow rate of ID gas.
The uniformity of ﬁlm can arrive at 73–4% by optimizing ID gas, which was better than that of 730% grown
in the old conventional multi-wafer hybrid vapor phase epitaxy (CHVPE) system. Meanwhile, the crystal
quality and surface morphology were also greatly improved for GaN ﬁlm by using the new reactor structure.
The FWHM values of (002) and (102) were reduced from 342″ and 806″ to 207″ and 254″, respectively. AFM
result of surface roughness (RMS, 10 μm10 μm) of GaN layer was also lowered from 1.226 nm to 0.798 nm.
It was partly because of the suppression of parasitic polycrystalline deposition due to the ID gas. This simple
and economic method could provide an effective solution to simultaneously fabricate multiple GaN wafer
with good thickness uniformity, high crystal quality and low cost.
& 2013 The Authors. Published by Elsevier B.V.
1. Introduction
Recently, gallium nitride (GaN) based alloys and devices have
attracted considerable attention due to their applications in light
emitting diodes (LEDs), laser diodes (LDs), and novel electronics with
high frequency and high power [1–4]. However, the lack of GaN native
substrate is the main obstacle for the further development of nitride-
based devices. Hydride vapor phase epitaxy (HVPE) is a promising
method for fabricating GaN substrates, owing to its high growth rate
and ability to produce large-area ﬁlm with high quality [5–8]. Despite
the successful fabrication of free-standing (FS) GaN substrate using
HVPE by several groups [9–17]; however, some critical problems, such
as the low productivity, the separation, cracking and bowing, are still
difﬁcult to be solved. Especially, the low productivity leads to high
price of FS-GaN substrates due to the single-wafer reactor mostly used
in HVPE system. Developing multi-wafer HVPE system is proved to be
a effective way to raise the productivity [18], just like that of LEDs
fabricated by multi-wafer MOCVD. Unlike the mature multi-wafer
MOCVD system, multi-wafer HVPE system is just at beginning stage
and thickness uniformity is the main obstacle. In order to satisfy the
mass production and separation demands, multi-ﬁlm uniformity
must be less than 75% for the whole wafer. However, up to now,
few papers were found on multi-wafer HVPE reactor and the
thickness distribution of epitaxial layer. Dmitriev et al. disclosed a
complicated HVPE multi-wafer apparatus and the standard thickness
deviation among 2-inch wafer was about 10% [19].
In this paper, a new nozzle structure was developed in an
improved multi-wafer hybrid vapor phase epitaxy (IHVPE) system,
which can simultaneously grow three 2 in. wafers with thickness
uniformity less than 73–4% by adding an inner dilution gas (ID) pipe
between V and III groups gas channels. The difference of average
thickness among three wafers in the same run was less than 3%.
The crystal quality and surface morphology of GaN wafers grown
under IHVPE have also been improved probably due to suppression of
parasitic reaction compared to conventional HVPE system (CHVPE).
2. Experimental
All samples were grown in a vertical-type, low pressure, home-
made hydride vapor phase epitaxy (HVPE) system with substrate
rotational system of 10–50 rpm. A new nozzle structure was
developed in an improved three-wafer hybrid vapor phase epitaxy
(IHVPE) system by adding an inner dilution gas (ID) pipe between
V and III groups gas channels. In order to be compared, the old one
of conventional HVPE system (named as CHVPE) was also used
without ID gas ﬂow channel.
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GaN samples were deposited on 2–4 μm thick GaN-metal organic
chemical vapor deposition (MOCVD) templates with sapphire sub-
strates by the reaction of GaCl with NH3. The GaCl was obtained in a
Ga source by reacting HCl with Ga at 800–900 1C. The growth was
done at low pressure of 330 Torr in the temperature range 1000–
1100 1C. In order to avoid decomposition of the MOCVD-GaN
templates, ammonia was kept in atmosphere during heating to the
growth temperature. The main carrier gas was N2. The NH3 ﬂow was
held in the range 0.4–2 slm, while the HCl ﬂow rate was typically
10–150 sccm. The growth rate of GaNwas varied from 10 to 100 μm/h.
After growth, the thickness and surface morphology of GaN layers
were measured by automated thin-ﬁlm thickness mapping system
(Filmetrics, Inc.) and AFM (Ntegra Prima, NT-MDT Company). High-
resolution X-ray diffraction measurement was carried out by a Bruker
D8 Discovery system, delivering a pure CuKα1 line (λ¼0.1540598 nm).
Numerical simulation for source gas concentration of growth zone was
conducted by a commercial FLUENT software package.
3. Results and discussion
3.1. The effect of ID gas ﬂow rate on GaN thickness distribution
In our prior experiments, a triple ﬂow channel nozzle was used
in a conventional three-wafer HVPE (CHVPE) system, in which
GaCl and NH3 source gas was injected from the adjacent ﬂow
channels. Although mirror and bright surfaces were obtained for
GaN ﬁlm of three wafers, the thickness uniformity was larger than
730% which could not satisfy the product demands. Thus, a new
nozzle structure with a quadruple ﬂow channel was designed in
an improved three-wafer HVPE (IHVPE) system, in which an inner
dilution gas (ID) was introduced between NH3 gas and GaCl gas
channels to adjust the ﬁlm thickness distribution.
Firstly, 2 in. wafer was located in the center of the holder to grow
GaN ﬁlm with about 50 μm thickness. The thickness distributions of
GaN ﬁlm grown in CHVPE and IHVPE systems are shown in Fig. 1.
Results showed that both NH3 and HCl gas ﬂow rate had no effects on
the thickness distribution when CHVPE system was used. It was
always thick in the center and thin at the edge of the wafer (Fig. 1a),
and the thickness uniformity was about 714%. However, if ID gas was
added between NH3 and GaCl, it was found that ID gas can easily
adjust the thickness distribution, as shown in Fig. 1b–d. When the ID
gas ﬂow rate was small (8 slm), the thickness distribution of GaN ﬁlm
was still kept unchanged, i.e., it was thick in the center and thin at the
edge of the wafer (Fig. 1b), but the thickness uniformity was improved
to 77.6%. By increasing the ID gas ﬂow rate, the thick zone began to
move from the center to the edge and form a symmetric circle thick
ribbon. This thick ribbon moved to the middle area between the
center and edge of the wafer (Fig. 1c) under increased ID gas of 11 slm,
and the thickness uniformity was improved to 71.8%. When
Fig. 1. (a) The thickness distributions of GaN layer grown in CHVPE system. (b–d) The thickness distributions of GaN layer grown in IHVPE system under different ID gas ﬂow
rates of (b) 8 slm, (c) 11 slm and (d) 14.6 slm.
N. Liu et al. / Journal of Crystal Growth 388 (2014) 132–136 133
continuously increasing the ID gas ﬂow up to 14.6 slm, the symmetric
circle thick ribbon moved outside to the edge of the wafer (Fig. 1d), in
this case, the thickness uniformity was worsened again to 76.5%.
Three wafers were put into the reactor of IHVPE system, and their
locations are shown as red dashed circles in Fig. 2a–c. The symmetric
circle thick ribbon distribution was also formed when ID gas ﬂow
rate was increased from small (8 slm) to large (14.6 slm). However, in
this case, the thick ribbon would be divided into three parts over
three 2-inch wafers. In each wafer, the partly thick ribbon moved
from one edge to the other edge when increasing the ID gas ﬂow
rate. The measurement results of actual thickness mapping, as shown
in Fig. 2d–f, proved this partly thick ribbon distribution and its
variation rule. However, the thickness uniformity for each wafer was
still bad, though it was better than that of 730% grown in CHVPE
system. For example, for ID gas of 8 slm, the thickness uniformity
was about 726.5%, and then further increased to 715.4% for ID gas
of 11 slm. But when ID gas was up to 14.6 slm, the thickness
uniformity was worsened to 747.8%. The best value of 715.4%
cannot satisfy the demand of mass production.
For HVPE, it is often believed that GaN layer thickness mainly
depended on the concentration of GaCl above the surface of wafer,
for NH3 diffuses easily and is more than needed in the growth zone
[20–23]. In our IHVPE system, the GaCl gas nozzle was right above
the wafer when it was located on the center of the substrate holder,
so the concentration of GaCl above the surface of wafer should be
always high on the center and decreased continuously from wafer
center to the edge no matter how the ID gas changed. If GaN layer
thickness was only dependent on the concentration of GaCl, the
thickness distribution of epitaxial GaN layer would always be thick
on the center of wafer, rather than changing with the ID gas ﬂow
rate. The probable reason was that the thick ID N2 might stop the
inward diffusion of NH3 as well as outward diffusion of GaCl, so the
concentration of NH3 above the surface of wafer in the central area
was reduced signiﬁcantly when the ID gas ﬂow rate increased, and
insufﬁcient NH3 led to slow GaN growth in the central area despite
the high GaCl concentration there. So, it was inferred that GaN
growth rate was dependent on concentration distribution of both
GaCl and NH3 above wafer surface.
In order to explain the above phenomena, the ﬂow ﬁeld in IHVPE
reactor had been simulated by ﬂuent software. In the simulation, HCl
gas was supposed to be 100% transformed to GaCl gas and the
reactions between GaCl and NH3 were not considered. The in-plane
distributions of the reactive species GaCl and NH3 molar fraction along
the wafer are shown in Fig. 3a. Simulation results indicated that both
NH3 and GaCl concentrations were decreased with increase in the ID
gas ﬂow rate, but NH3 concentration decreased faster than that of
GaCl. When ID gas ﬂow rate increased, the overlap peak of NH3 and
GaCl concentration curves became far away from the center of the
wafer (Fig. 3a), which was consistent with the experimental results of
the moving outside of thick ribbon (Fig. 3b). It further conﬁrmed that
the GaN ﬁlm thickness was mainly decided by the relatively less
concentration of both GaCl and NH3 ﬂow rate. It also indicated that the
ID gas had the ability to prevent the GaCl and NH3 gas diffusion.
This prevention ability was stronger for NH3 than that of GaCl gas.
3.2. Three-wafer growth with highly thickness uniformity by ID gas
periodically modulated growth (ID-PMG) method
In order to increase the thickness uniformity of three wafers, a
new growth method, named ID gas periodically modulated growth
(ID-PMG) method, was applied to growth GaN thick layer, by
utilizing the partly thick ribbon property and their moving rule
with ID gas. In ID-PMG method, ID gas ﬂow rate was periodically
adjusted with the growth time between 8 slm and 14.6 slm, as
schematically shown in Fig. 4a. According to the movement rule of
thickness distribution, the thick ribbon area will move from one
side edge to the middle and to the other side edge of one of three
wafers, when ID gas ﬂow rate was increased from 8 slm to 11 slm
and to 14.6 slm. Thus, if ID gas was changed between the low and
high ﬂow rate with the growth time, the thick area will also
Fig. 2. Schematic diagrams of the location of three wafers (red dashed line circles) on the substrate holder and their thick ﬁlm ribbons (blue area) variations (a–c) and
their relatively measured thickness distribution mapping for one wafer (d–f) grown under different ID gas ﬂow rates of (a, d) 8 slm, (b, e) 11 slm, and (c, f) 14.6 slm.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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change between the one side, the middle and the other side of one
wafer. At last, these thick ribbon areas will overlap one another to
form a uniform thick ﬁlm. The schematic mechanism picture of
ID-PMG method is shown in Fig. 4a. Using the ID-PMG method,
three 50–60 μm thick GaN layer wafers were obtained in IHVPE
system. The thickness mapping of one wafer is shown in Fig. 4b.
The thickness uniformity of each wafer was greatly improved to
73–4%, and the average thickness variation among three wafers
was less than 73% in a same run.
Meanwhile, the crystal quality and surface morphology were also
improved by using both the new nozzle structure in IHVPE and
ID-PMG method. The surface roughness (RMS, 1010 μm2) of GaN
ﬁlm was about 0.8 nm by using IHVPE system, and smoother than
that of 1.23 nm by using CHVPE system. The values of the full width
at half maximum (FWHM) were measured by HR-XRD to be 207″
and 254″ for (002) and (102) planes of GaN layer by IHVPE, which is
better than that of 342″ and 806″ by CHVPE. The reduced FWHM
values conﬁrmed that the dislocation density was reduced and the
high crystal quality of GaN is obtained by introducing IHVPE.
4. Conclusions
In summary, GaN thick wafers with highly uniform thickness
and high quality were obtained by using both IHVPE system and
ID-PMG method. Three 2-inch wafers with thickness uniformity
less than 73–4% were obtained, and the FWHM values for (002)
and (102) planes were also reduced due to the isolation of ID gas.
We found that the GaN layer thickness distribution strongly
depended on ID gas ﬂow rate. This simple processing is very
useful for fabricating multi-wafer GaN substrate at low cost.
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